A B S T R A CT Thyroxine (T4) and triiodothyronine (T3) are rapidly degraded by a purified preparation of myeloperoxidase (MPO) and H202 with the formation of iodide and material which remains at the origin on paper chromatography. Deiodination by MPO and H202 occurs more readily at pH 7.0 than at pH 5.0 in contrast to iodination by this system which is known to occur more readily at pH 5.0 than at pH 7.0. Degradation is inhibited by azide, cyanide, ascorbic acid, and propylthiouracil. Methimazole stimulates deiodination by MI PO and H202 but inhibits this reaction when MIPO is replaced by lactoperoxidase or horseradish peroxidase.
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Intact human leukocytes, in the resting state, degrade T4 and T3 slowly; degradation, however, is increased markedly during phagocytosis of preopsonized particles. Serum inhibits this reaction. T3 can be detected as a minor product of T4 degradation. Proteolytic digestion of the reaction products increases the recovery of monoiodotyrosine. The fixation of iodine in the cytoplasm of leukocytes which contain ingested bacteria was detected radioautographically. Chronic granulomatous disease leukocytes, which are deficient in H202 formation, degrade T4 and T3 poorly during phagocytosis. MPO-deficient leukocytes degrade the thyroid hormones at a slower rate than do normal leukocytes although considerable degradation is still observed. Azide, cyanide, ascorbic acid, and propylthiouracil which inhibit certain peroxidasecatalyzed reactions inhibit degradation by normal leukocytes; however, inhibition is incomplete. Formation of iodinated origin material is inhibited to a greater degree by azide, cyanide, and propylthiouracil than is deiodination. Methimazole inhibits the formation of iodinated origin material by both normal and MPO-deficient leukoThese studies were presented in part at the 64th Annual Meeting of The American Society for Clinical Investigation (24) .
INTRODUCTION
The neutrophil peroxidase, myeloperoxidase (MAIPOG),1 has potent antimicrobial activity against bacteria (1) (2) (3) (4) (5) , fungi (6, 7) , viruses (8) , and mycoplasma (9) when combined with H202 and an oxidizable cofactor such as iodide, bromide, chloride, or thiocyanate ions. This system may be operative in the intact cell. MPO is present in the lysosomal granules of the neutrophil in exceptionally high concentration (10) (11) (12) (13) and its release into the phagocytic vacuole has been demonstrated by electron microscopy (7. 14) . H202 is formed by leukocytic metabolism during the respiratory burst associated with phagocytosis (15) . H202 also is formed by certain microorganisms, namely the streptococci. pneumococci and lactobacilli, and the H202 so formed may contribute significantly to the microbicidal activity of the 'Abbreviations used in this paper: BEA, butanol: ethanol: 0.5 N NH40H, 5:1: 2; BuAc, butanol saturated with 2 N acetic acid; CGD, chronic granulomatous disease; DIT, diiodotyrosine; HRP, horseradish peroxidase; KRP, Ca++-free Krebs Ringer phosphate buffer pH 7.4; LPG, lactoperoxidase; MIT, monoiodotyrosine; MPG, myeloperoxidase; NBT, nitroblue tetrazolium; PMN, polynmorphonuclear leukocyte; TA, tertiary amyl alcohol saturated with 2 N NH40H; T,, triiodothyronine; T4, thyroxine.
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The Journal of Clinical Investigation Volume 52 January 1973 cell under certain conditions (16, 17) . The concentration of chloride in the leukocyte is considerably greater than that which is required as a cofactor in the isolated AIPO-mediated antimicrobial system (5, 18) . Although iodide is much more effective than chloride on a molar basis in the isolated system (5), its concentration in extracellular fluid is very low, and it is not clear whether sufficient iodide enters the cell from this source to produce a significant microbicidal effect. The human leukocvte-to-nmedium iodide ratio was 4.2 under the conditions reported by Stolc (19) suggesting some concentration of iodide by leukocytes. Klebanoff and Hamon, however, could not detect iodide concentration by -isolated resting human leukocytes under their experimental conditions (20) .
Thyroxine (T4) or triiodothyronine (T3) can replace iodide as the cofactor in the isolated MIPO-mediated antimicrobial system (3) presumably due, in part, to the deiodination of the thyroid hormones by MPO and H202 (21, 22) and the utilization of the released iodide in the microbicidal systen. This raises the possibility that a similar reaction might occur in the intact leukocyte. The degradation of the thyroid hormones by phagocytosing leukoc-tes and the possible involvement of MIPO and H202 ill this reaction were therefore investigated. Reports dealing with this subject have recently appeared elsewhere ( 20, (23) (24) (25) 30 min of collection using the method previously described (27) . A leukocyte count and chamber differential were performed before the last wash, and a stock solution seas prepared by suspending the cells in Ca++-free Krebs Ringer phosphate buffer p1i 7.4 (KRP) to a final concentration of 5 X 10' polymorpho'nuclear leukocytes (PMNs) per ml.
Preparation of particles. Zymosan (Mann Research Labs, New York) was suspended in water to a final concentration of 10 mg/ml and homogenized for 1 min with a PotterElvehj em Teflon and glass homogenizer. The suspension (1.0 ml) was centrifuged at 1600 g for 1 min, the supernatant discarded, and the pellet suspended in 1.0 11l of serum obtained from a donor with AB blood group. The suspension was incubated for 15 min at 370C. The zymosan was collected by centrifugation and washed three times with water and suspended to the original volume with water. This preparation is referred to as "preopsonized zymosan."
Lactobacilluts acidophilus (ATCC No. 4357) was grown overnight in Lactobacillus-selective broth (Baltimore Biological Laboratory, Baltimore, Md.). The bacteria were washed twice in water, heated at 100'C for 30 min, and opsonized by suspension in AB serum as described above. The organisms were washed twice with water and suspended in water to the required optical density at 540 nm, determined with a Coleman Junior spectrophotometer (Coleman Instruments Div., The Perkin-Elmer Corp., Norwalk, Conn.).
Source of peroxidase. Canine MPO was prepared in highly purified form (i.e., to the end of step 6) from pyometral pus by the method of Agner (28) . Human MPO wvas kindly supplied by Dr. J. Schultz. Lactoperoxidase (LPO) was prepared from bovine milk by the method of Morrison and Hultquist (29) . Horseradish peroxidase (HRP, electrophoretically purified, RZ = 2.9-3.0) was obtained from Worthington Biochemical Corp., Freehold, N. J. Peroxidase activity was determined by the o-dianisidine method (30 In some instances products of hormone degradation were subjected to proteolytic digestion. Portions of reaction mixtures were diluted with 2 vol of a buffer containing 40 mM Tris, 108 mM NaCl, and 20 mM methimazole; pancreatin was added to a final concentration of 1%o; and the pH was adjusted to 8.5 with 1 N NaOH. Following incubation at 370C overnight, chromatography in BuAc was performed as described above. The paper strips were cut into segments corresponding to ninhydrin-stained carrier monoiodotyrosine (MIT), diiodotyrosine (DIT), T4 and Ts, and the segments were counted in a well scintillation counter.
Autoradiographic localization of iodine in leukocytes. Into 12 X 75 mm siliconized test tubes were added 1 X 107 PMNs, Production of hypoxia. The leukocyte suspension was placed in the side arm and the remaining components in the main compartment of siliconized 7 ml Warburg flasks. After gassing for 20 min with prepurified nitrogen (Ohio Medical Products, Madison, Wisc.) the leukocytes were tipped into the main compartment and the incubation continued for 30 min. Portions (0.05 ml) were removed and the components separated by chromatography as described above. and to origin material during a 30 min incubation with MPO and H202 in phosphate buffer pH 7.0. Little or no conversion occurred when the hormones were exposed to MPO or H202 alone or when heat-inactivated MPO was employed. The effect of pH on hormone degradation is shown in Fig. 2 . The release of inorganic iodide from To and Ts decreased as the pH was lowered from 7.0 to 5.0. The absolute amount of labeled origin material formed from T4 increased over this range whereas a maximum was observed at pH 6.5 with Ts. The proportion of the total released iodine found in the origin material at pH 5.0 was approximately 0.5 with both hormones and was considerably greater than the proportion found at pH 7.0.
RESULTS

Degradation of thyroid hormones by MPO and
H202
Deiodination and conversion of hormonal iodine to origin material by MPO and H202 were strongly inhibited by azide, cyanide, ascorbic acid, and propylthiouracil (Fig. 3) . Methimazole, however, while inhibiting the formation of iodinated origin material, did not inhibit deiodination. Indeed, the recovery of inorganic iodide was increased by methimazole. Stimulation of MPO-catalyzed deiodination by methimazole was more striking when the MPO concentration was decreased to a (Fig. 4) . Methimazole-dependent deiodination was abolished by the deletion of either MPO or H202 (Fig. 4) or by heat inactivation of MPG (not shown). Paradoxically, methimazole increased the formation of iodinated origin material under the conditions employed in Fig. 4 . Further analyses were performed to assure that the major product formed on incubation of labeled To and Ts with MPO, H202, and methimazole, under the conditions employed in Fig. 4 , was iodide. The products formed were separated by (a) two dimensional ascending chromatography, using BuAc followed by BEA; (b) paper electrophoresis in Tris-maleate buffer pH 8.6; and (c) column chromatography on Sephadex G25. The major product behaved like iodide in all systems. Methimazole stimulated deiodination by both canine and human MPO (Table II) ; however, the deiodination of the thyroid hormones by LPO or by HRP and H202 was not stimulated but rather was inhibited by methimazole. Degradation of thyroid hormones by intact leukocytes Table I Several chromatographic systems were employed to identify metabolites of T4 and T3 other than iodide and origin material. T3, one potential product of T4 breakdown, could not be identified with certainty in BEA or TA chromatograms in eight experiments employing the standard incubation conditions (see Fig. 5 ). Since rapid degradation of T3 could limit its recovery under these conditions, two experiments were performed in which a high concentration of stable T3, 10-4 M, was employed to decrease the percent T3 degraded. In these experiments, a spot congruent with the T3 carrier was identified by autoradiography of TA chromatograms, and comprised about 2% of the total radioactivity. Under these conditions, 10-4 M T3 decreased the total degradation of both labeled T4 and T3 by phagocytosing leukocytes to about 20-30% as did 10-4 M T4. This is due presumably to competition between stable and labeled hormones for the deiodinating systems. An unknown compound, or group of compounds, was frequently seen beyond the iodothyronine zones in all three systems (solvent front material), and comprised 4-7% of the total radioactivity. Also, unidentified radioactive bands were observed between the iodide and T. zones of BEA chromatograms, and between the iodotyrosine and iodide zones of TA chromatograms.
When digestion with pancreatin was performed after incubating either To or Ts with phagocytosing leukocytes, about 40% of the origin material was undigested; about 30% was converted to MIT and less than 8% to DIT. The remainder was recovered as inorganic iodide.
When iodide is employed as the cofactor in the isolated MPO-mediated antimicrobial system, iodination of the microorganisms occurs (3). Iodination also occurs in the intact leukocyte following the ingestion of an appropriate particle (3, 27) and fixed iodide can be localized, in part, in the phagocytic vacuole in association with the ingested particles (7, 31) . Fig. 7 demonstrates the fixation of hormonal radioiodine in the cytoplasm of neutrophils which contain ingested bacteria. Under these conditions, no iodine remains bound to extracellular bacteria or to leukocytes which do not contain ingested organisms. min, origin material, P < 0.02; T3 60 min, iodide. P < 0.05).
Role of MPO and H202 in the degradation of the thyroid hormones by phagocytosing leukocytes
The rapid degradation of the thyroid hormones by MPO and H202 and the presence of these substances in the phagocytic vacuole suggests that MPO and H02 may be involved in thyroid hormone degradation by phagocytosing leukocytes. This can be investigated through the use of leukocytes which are deficient in H202 or in MPO or by the use of inhibitors of peroxidase-catalyzed reactions.
Chronic granulomatous disease. Patients with CGD
suffer from repeated and severe infections with Staphylococcus aureus and certain gram-negative pathogens due to a defect in leukocytic microbicidal activity (32) . Among the metabolic abnormalities in CGD leukocytes is the essential absence of H202 formation following phagocytosis (33) . Leukocytes from two female and four male patients with this condition degraded T4 and T3 poorly (Fig. 8) . The most severe defect was seen in patients DG and BB who also were the most severely ill of the patients studied.
Hereditary MPO deficiency. Hereditary MPO deficiency is a rare condition in which MPO is absent from neutrophils and monocytes (34, 35, 26) . Patients with this condition have leukocytes with decreased fungicidal and bactericidal activity (26, 36, 37 Phagocytosing leukocytes from one patient with this condition degraded T4 and T3 at a slower rate than did normal leukocytes (Fig. 9) . The formation of labeled origin material and inorganic iodide remained significantly depressed at all time periods. However, deiodination approached that of normal cells following 60 min of incubation.
Inhibitors of peroxidase catalyzed reactions. The effects of 1 mM azide, cyanide, ascorbic acid, and propylthiouracil on the conversion of the labeled iodine of T4 and T3 to origin material and iodide is shown in Fig. 10 . All of the inhibitors decreased the formation of iodinated origin material throughout the 60 min incubation period. The inhibitory effect was in the order: propylthiouracil > azide > cyanide > ascorbic acid. The release of inorganic iodide also was decreased by all of the inhibitors. However, the formation of origin material was inhibited to a greater degree than deiodination by all inhibitors except ascorbic acid. The release of inorganic iodide by inhibitor-treated cells eventually approached that of untreated cells. Indeed, inhibition of deiodination by azide and cyanide was significant only at the early time periods.
The effect of methimazole on the degradation of the thyroid hormones by phagocytosing normal and MPOdeficient leukocytes is shown in Fig. 11 . The initial thyroid hormone concentration was increased to 10' M in this experiment in order to depress the percent conversion in the absence of methimazole. The data illustrate a number of points: (a) Phagocytosing normal leukocytes have a very high capacity for the degradation of T4 and T3. When the initial thyroid hormone concentration is increased to 10-4 M (approx. 8000 Ag/100 ml), approximately 30% of the labeled iodine can be recovered as origin material + iodide following a 30 min incubation with leukocytes and zymosan. Under these conditions, about 12 /Ag of T4 or T3 were degraded by 107 PMNs by MPO-deficient leukocytes previously observed when low levels of thyroid hormone were employed (Fig. 9) is also observed when the T4 and T3 concentration is increased to 10-' M (P < 0.05 for origin material, iodide or (1) 82.9 87.1 87.8 88.1 * The standard reaction mixture was as described in Fig. 5 (leukocytes + zymosan). MPO-deficient leukocytes, azide, or methimazole (0.5 ,umol) were employed as indicated. Paired reaction mixtures were incubated for 30 min in air and in nitrogen and the percent decrease in conversion of hormonal iodine to origin material and iodide resulting from hypoxia was determined. The number of experiments is shown in parentheses.
origin material + iodide); (c) Methimazole inhibited the formation of iodinated origin material by normal (P < 0.001 for T4 and Ta) and MPO-deficient (P < 0.01 for T4 and Ts) leukocytes; (d) Methimazole increased deiodination by normal leukocytes (P < 0.001 for T4 and Ta) but not of MPO-deficient leukocytes (P > 0.20 for To and Ts). Methimazole also was without effect on the deiodination of T4 and Ts by phagocytosing leukocytes from three patients with CGD (B. B., D. C., R. C.) (not shown); (e) The deiodination of T4 and T3 by phagocytosing leukocytes in the presence of methimazole is essentially abolished by the deletion of either the leukocytes or zymosan from the reaction mixture.
Effect of hypoxia. 22, 38) or MPO (21, 22) with the conversion of a portion of the hormonal iodine to inorganic iodide. The finding that T4 or T3 can replace a halide as the cofactor in the MPO-mediated antimicrobial system (3), and the observation that the disappearance rate of the thyroid hormones from serum is accelerated by infection (39) (40) (41) prompted a reexamination of MPO-catalyzed thyroid hormone degradation. Our findings confirm the degradation of T4 and T3 by MPO and H202 with the formation of origin material and iodide. The labeled origin material presumably results, in part, from the utilization of the released iodide for the iodination of protein, a reaction known to be catalyzed by MPO and H202 and to occur more readily at an acid pH (3). In our experiments, the release of inorganic iodide from To and Ts by MPO and H202 occurred more readily at pH 7.0 than at pH 5.0 suggesting a more alkaline pH optimum for this reaction. When To was employed, more labeled origin material was formed at p11 5.0 than at pH 7.0 which is compatible with the acid pH optimum of the iodination reaction (3) . When T3 was employed, the absolute amount of iodinated origin material decreased as the pH was lowered below 6.5; this may be due in part to the limitation placed on the iodination reaction by the low levels of inorganic iodide released from T3 at acid pH. The ratio of origin material to iodide was approximately one at pH 5.0 with both T4 and Ta. The degradation of the thyroid hormones was abolished by heat-inactivation of MPO indicating its enzymic nature, and was inhibited by azide, cyanide, ascorbic acid, and propylthiouracil, agents which inhibit most peroxidasecatalyzed reactions although their activity is not limited to this effect. Methimazole, which inhibits iodination by MPO and H202, had a stimulatory effect on deiodination by this system. This effect of methimazole was not observed when MPO was replaced by HRP or LPO; indeed, thyroid hormone degradation was inhibited by methimazole when the latter enzymes were employed.
Studies with intact human leukocytes confirmed that resting cells had a low level of hormone degrading activity (40, 42) but revealed a striking augmentation of To and T3 degradation by phagocytosis. A tentative scheme for this process is as follows. T4 and T3 bind to leukocytes (20, 43, 44) . In a previous study employing incubation conditions identical to those used here, most of the labeled T4 or T3 was associated with leukocytes even when resting cells were employed (20) . Although the exact locus of hormone fixation is not known, surface binding sites on the plasma membrane may be involved. Since the membrane of the phagocytic vacuole is, in part, invaginated cell membrane, a portion of the bound hormone would be introduced into the vacuole by phagocytosis. T. and T8 also bind to the opsonized particles (20) and thus may be carried into the vacuole with the particles. Binding to the cells and particles (20) , and subsequent degradation (Fig. 6) , is inhibited by serum, presumably due to the presence of competing protein binding sites in the extracellular fluid.
MPO is released into the phagocytic vacuole during the degranulation process, and Ha2a is formed as a result of the respiratory burst associated with phagocytosis. Therefore, it might be expected, in view of the rapid degradation of the thyroid hormones by MPO and H202, that this system would be involved in the degradation of T4 and Ta in the intact cell. When MPO-deficient leukocytes were employed or when agents such as azide or cyanide, which largely inhibit degradation by the isolated MPO-H202 system, were added to normal cells, degradation of To and Ts was depressed, suggesting that an MPO-dependent hormone-degrading system does exist; however, the considerable hormone-degrading capacity which remained when MPO was absent-or inhibited implies the existence of an MPO-independent system or systems. Inhibition of deiodination by ascorbic acid and by propylthiouracil was greater than inhibition by azide and cyanide, suggesting that the former inhibitors may affect both the MPO-dependent and MPO-independent systems. Formation of iodinated origin material was inhibited to a greater degree by azide and cyanide than was deiodination. The stimulation of the hormone breakdown by methimazole, so striking in the isolated MPO-H202 system, could also be demonstrated in intact normal cells but did not occur in MPO-deficient cells again suggesting that thyroid hormone degradation by normal leukocytes is due, in part, to MPO.
The nature of the MPO-independent hormone degrading system(s) in intact leukocytes is unknown. H202 can degrade the thyroid hormones nonenzymatically under appropriate conditions (45) (46) (47) (20, 48 (20) . Our studies also do not exclude the degradation of To and T3 in part or totally in the extravacuolar cytoplasm. The major products of hormone breakdown were inorganic iodide and iodinated material which did not migrate in the solvent systems used. Ts is reported to account for about A of the To breakdown in vivo (51) while the recovery in the system studied here was much less, possibly due, in part, to the rapid degradation of T3 by the same system. At least two possible mechanisms exist for the formation of iodinated origin material. Inorganic iodide is converted in part to a water insoluble, TCA precipitable form by phagocytosing leukocytes (3, 27) . Iodide liberated in the phagocytic vacuole by MPO dependent or independent mechanisms would be expected to be utilized, in part, in this way and thus contribute to the formation of iodinated origin material. However, this mechanism probably does not account for all of the iodoprotein formed since iodinated origin material was still detected in the presence of inhibitors at concentrations which completely inhibit conversion of iodide to organic form (27) . A probable alternative mechanism for iodoprotein formation is the transfer of hormonal iodine directly to protein without the intermediate formation of iodide (52) .
Thyroid hormone deiodination is inhibited by propylthiouracil in the intact animal (53) (54) (55) (56) ; this agent also inhibits deiodination by isolated leukocytes. Methimazole, however, stimulates the deiodination of T3 and To by MPO and H202 or by intact leukocytes, and several studies have shown no effect of methimazole on To degradation in vivo (55, 57, 58) . The possibility remains that a portion of the hormone metabolism in vivo is stimulated by methimazole, analogous to the MPO system, but is balanced by an inhibitory effect of methimazole on other hormone metabolizing systems, analogous to its effect on degradation by HRP or LPO and H202.
The degradation of T4 and T3 by intact leukocytes may contribute significantly to hormone metabolism during infection. Certainly the capacity of phagocytosing cells to metabolize T4 and T3, as shown in studies in which high concentrations of stable hormones were employed, is sufficient to have an important impact on hormone turnover. It is probable that the accelerated hormone turnover during bacterial infection in man (39) and in Rhesus monkeys (40, 41) is due in part at least to the breakdown of the hormones by phagocytosing cells.
The labeled iodine of ['3. .I]T4 is localized in areas of acute bacterial infection in man (59) . This may be due, in part, to the binding of the thyroid hormones by leukocytes and to the fixation of iodine by the cell in covalent linkage. An association between myxedema coma and pneumonia has been reported (60) and the comatose state may be precipitated by the leukocytic degradation of the small amount of remaining thyroid hormone under these conditions.
It is probable that a number of substances, some as yet unidentified, combine to meet the cofactor requirement of the MPO-mediated antimicrobial system. Chloride is present in the leukocyte in considerable excess and thus may meet the bulk of this requirement. Iodide, being much more effective than chloride on a molar basis, would be expected to contribute to the cofactor pool although its low concentration may limit this contribution. The degradation of T4 and T3 by intact phagocytosing leukocytes with the transfer of a portion of the iodine to fixed material suggests that the mechanism for the involvement of the thyroid hormones in microbicidal activity exists and is active. However, the utilization of the thyroid hormones in the microbicidal activity of the cell has not yet been demonstrated. In preliminary studies, the staphylocidal activity of isolated leukocytes from five patients with hypothyroidism was not significantly different from that of control cells (20) suggesting that the serum thyroid hormone levels can be reduced considerably without an impairment of microbicidal activity. When the iodine supply is diminished, the concentration of chloride and other cofactors may be adequate for the peroxidase system, and this may combine with the other antimicrobial systems in the leukocyte (e.g., H202 acting independently of MPO, acid, lysozyme, lactoferrin, cationic proteins) to maintain normal microbicidal activity.
